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Abstract 
Immense development has been taken place not only to increase the bulk production, repeatability and 
yield of carbon nanotubes (CNTs) in last 25 years but preference is also given to acknowledge the basic 
concepts of nucleation and growth methods. Vertically aligned carbon nanotubes (VACNTs) are forest of 
CNTs accommodated perpendicular on a substrate. Their exceptional chemical and physical properties 
along with sequential arrangement and dense structure make them suitable in various fields. The effect of 
different type of selected substrate, carbon precursor, catalyst and their physical and chemical status, 
reaction conditions and many other key parameters have been thoroughly studied and analysed. The aim 
of this paper is to specify the trend and summarize the effect of key parameters instead of only presenting 
all the experiments reported till date. The identified trends will be compared with the recent observations 
on the growth of different types of patterned VACNTs. 
In this review article, we have presented a comprehensive analysis of different techniques to precisely 
determine the role of different parameters responsible for the growth of patterned vertical aligned carbon 
nanotubes. We have covered various techniques proposed in the span of more than two decades to 
fabricate the different structures and configurations of carbon nanotubes on different types of substrates. 
Apart from a detailed discussion of each technique along with their specific process and implementation, 
we have also provided a critical analysis of the associated constraints, benefits and shortcomings. To sum 
it all for easy reference for researchers, we have tabulated all the techniques based on certain main key 
factors.  This review article comprises of an exhaustive discussion and a handy reference for researchers 
who are new in the field of synthesis of CNTs or who wants to get abreast with the techniques of 
determining the growth of VACNTs arrays. 
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1.  Introduction 
A carbon nanotube is an atomic thick sheet of graphite (also known as graphene) which after rolling 
up becomes a hollow cylinder of diameter of the order of a nanometer. In the case of CNT 
nanostructure the length to diameter ratio exceeds 10000. This name is given due to their size because 
the diameter (till 0.7 nm) is of the order of few nanometers (approximately 50000 times smaller than 
the width of a human hair) but their length can be up to several millimeters [1, 2]. The multi walled 
carbon nanotubes (MWCNT) consisted of several consecutive graphitic shells separated by the 
distance of 0.34 nm. Nanotube diameters range is from ~0.4 to >3 nm for SWCNTs and from ~1.4 to 
at least 100 nm for MWCNTs [3, 4] with high length to diameter ratio. 
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The CNTs show unique electrical properties, extraordinary strength and very high conductivity for 
heat which provide tremendous potential for the use in many different applications in the field of 
structural, mechanical, thermal, optical, electrical & electronics, medicine and biomedical etc. 
The patterned and vertical aligned CNTs are required in many applications such as single-molecular 
transistors in microelectronics and electron emitting flat panel displays where the remarkable 
properties of individual CNTs can be easily and effectively used in devices, few more potential 
applications are   
catalysts for fuel cells, connectors for electrical and thermal managements, membranes for chemical 
and biological separations, chemical and biological sensors, smart fibers and films for flexible 
optoelectronics, and even dry adhesives mimicking gecko foot etc. 
Many fascinating optical properties are observed in VACNT arrays such as high absorptivity [5, 6], 
polarization-dependent reflection and wavelength-selective emission [7, 8], directional emission [9], 
photonic crystal effects  [10, 11]. These properties of VACNT array depend on the orderly 
arrangement of the CNTs which includes pattern and intertube distance. Also the use of vertically 
aligned arrays of nanotubes and nanowires has been demonstrated in photonic crystal [12] , solar [13, 
14], nanoantenna [15]  and mode-locked fiber lasers [16]  applications. In case of nanoelectrode array 
[17]  and field emission [18, 19]  applications maintaining the areal site density of VACNTs is an 
important consideration due to the electric field shielding effects resulting from closely packed arrays 
of CNTs [20, 21]. The processes to pattern the catalyst such as photolithography [22, 23], electron-
beam lithography, ink-jet printing [24, 25], microcontact printing [26, 27], electrochemical deposition 
[28] and self-assembly [29]  are used to decrease the areal site density of CNT arrays by pre-
patterning the catalyst site density for further growth of patterned and aligned CNTs. To enhance the 
production rate of patterned VACNT arrays the use of inkjet printing for catalyst deposition is more 
desirable instead of conventional photolithography or electron beam lithography patterning 
techniques.  
The patterned and aligned CNT arrays weakens the electric field shielding effect and improves the 
distribution of electric field. The patterned CNTs are suitable for ordered arrays of CNTs emitters. 
The process to grow these is compatible with silicon integrated circuit processing and it incorporates 
such arrays into some photoelectric devices. 
The concerns in this field are the reproducibility, fabrication of large scale quantity, controllability of 
length, diameter, chirality and intertube spacing or areal density, particular growth at selective 
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location including its applications at nanoscale devices i.e. electrodes for secondary batteries, fuel 
cells, memory devices and field emission displays etc.  
 
2. Carbon nanotubes- A time line 
The concise list of yearly important incidents and corresponding publications in the field of carbon 
nanotube growth, properties and its corresponding applications are tabulated in Table 1. 
                
3. Patterned VACNT applications 
Large availability of SWCNTs make it useful in many structural applications due to its low weight 
and high strength. In CNT based nanoelectronics SWCNTs have been investigated for transistors and 
diodes. Tans [30] and Martel et al. [31] demonstrated fabrication of SWCNTs by laser ablation and 
transplanted into the gap between the drain and source contacts in transistors, where the horizontal 
growth of  CNT across two contacts was done which is against the natural growth direction (i.e. 
vertical). Arrays of CNTs are used in many applications like gas separation, gas absorption and as 
catalyst support. In the areas of energy storage applications CNTs are used to store metal (e.g. Li ion) 
and gas (e.g. H2) molecules [32].  In silicon IC manufacturing SWCNTs and MWCNTs are used as 
interconnects due to the high thermal conductivity of the CNTs making them suitable in dissipating 
the heat from the chips and for their high current carrying capacity which is more than 10
7
 A cm
−2
.  
The application of MWCNT tips has demonstrated the mapping of the shape and depth of holes, 
grooves and trenches in IC manufacturing for profilometry [33]. This requires the active development 
of scaleup techniques to synthesize the hundreds of CNT tip cantilevers on a substrate or wafer 
compared to the single and batch production. PECVD has a potential to be an ideal method to 
enhance the quantity, provide the desired orientation by maintaining the material quality. All the 
remarkable properties of individual CNTs can be easily and effectively assessed by patterned and 
vertical aligned CNTs in devices.  
The MWCNTs and MWCNFs on patterned substrates has many applications in the field emitters 
which are used in flat panel displays for computer screens, television and large outdoor displays [32]. 
ACNTA electrode are regularly aligned and equally spaced CNTs which allows the electrode to 
possess large pore size and a regular pore structure as compared with the ECNT electrode. ACNTA 
electrode exhibits higher specific capacitance, superior ion diffusivity and better rate capability. 
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ACNTA electrode shows much higher electronic conductivity than ECNT electrode. Therefore, 
ACNTA electrode has much lower equivalent series resistance (38.1 Ω) than ECNT electrode (88.9 
Ω) [34]. This behavior opens the field of batteries applications such as the aligned MWCNTs on the 
stainless-steel (SS) substrate obtained by CVD technique can deliver an initial capacity of 132 
mAhg
−1
 at 1C rate and a reversible capacity of 460 mAhg
−1
 after 1200 cycles with the specific 
capacity increased about 250% in spite of the morphology of the MWCNTs with surface and 
structural defects and the SS substrate [35]. Patterned vertically aligned MWCNTs are suitable as 
electrodes due to large surface area and pore structure responsible for improved electrolyte 
accessibility, superior ion diffusion and charge transport capability. An array of such MWCNTs 
reinforced with SiO2 in the space between individual tubes for mechanical stability and isolation [36]. 
Such type of array can also be used for the development of infrared detectors and the space filled 
arrays demonstrated to be used in biosensor development where DNA is attached to individual tube 
ends [32, 37]. 
4 Different Growth Techniques of Carbon Nanotubes 
CNTs have been synthesized in large quantities for industrial applications. CNTs have been 
synthesized mainly by arc discharge, laser ablation and chemical vapor deposition (CVD) [38] etc. 
All these methods take place with the process gases or in vacuum. These three techniques will be 
discussed here. 
4.1 Arc Discharge 
Initially in 1980 the arc-discharge technique was used to synthesize carbon nano-onions [39] and 
Buckminster fullerenes in 1985 [40]. In this process, the carbon is contained in the negative electrode 
which sublimates due to the high discharge temperature which is above 1200⁰C. Iijima (in 1991) 
synthesized MWCNTs in the carbon soot of graphite electrodes with 100 A current [41]. By suitable 
arc-evaporation conditions bulk quantities of MWCNTs can be produced [42]. SWCNTs were also 
synthesized by using catalysts [43, 44] and in massive quantities [45]. The CVD method has been 
most widely used for CNT synthesis and elaborated in various literatures [37, 45, 46]. The diameter 
and the length of the CNTs are hard to control because of the pressure and temperature variation 
problem [46]. The length of both SWCNTs and MWCNTs can be produced up to 50μm.   
The yield is up to 30% by weight which is low and the process for purification is difficult, but CNTs 
have good crystallinity and lesser structural defects. So this method is widely adopted. The 
production of SWCNTs can be done on large scale by the electric arc-discharge process [45]. 
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It was reported that self-aligned CNTs were produced [47] using copper catalysts in the soot 
deposited at the carbon cathode by a DC arc discharge method. These aligned CNTs have average 
diameter of about 400 to 600 nm.  
The process of producing arrays of MWCNTs from a methane-hydrogen gas mixture activated 
through  DC discharge without catalyst has been also been shown in some experimental setups [48]. It 
is seen that the hydrogen plasma promotes the nanopores formation in silicon substrate. The 
important inner pore surface are used as a mask in the formation of aligned nanotubes. 
4.2  Laser Ablation  
Laser ablation is a process to irradiate the surface and remove materials from a solid surface with the 
help of laser beam. The solid material is heated by the absorbed laser energy at low laser flux for 
sublimation or evaporation. CNTs were synthesized by Laser ablation in 1995 [38, 49, 50].  
A simple schematic diagram for this method is shown in Figure 1, where to grow the CNTs a 
graphite block is used inside a chamber that is irradiated using a pulsed laser, followed by flow of 
Argon along the laser. The temperature of the chamber is approximately 1200⁰C. The laser ablates 
the graphite target and thus carbon is vaporized, condensed and collected on a cold copper collector 
due to flowing Argon gas. A water cooled surface can also be used to collect the CNTs. 
The metal catalyst particles (cobalt and nickel) and a composite block of graphite can be used to 
produce SWCNTs [49]  and a pure graphite can be used as the starting material to produce MWCNTs 
[50]. The problem in this process is that carbon layer completely covers the catalyst particles so no 
further atoms of carbon can be deposited and the growth of CNTs is inhibited.  
The reaction temperature is the key parameter to control the diameter of CNTs which made it costlier 
than arc discharge and CVD because of the high-power lasers. Although other heating methods can 
also be used, i.e. an electron beam [51, 52]. Patterned CNTs can also be produced by this method. 
The yield is around 70–90% by weight for MWCNTs [53]. 
4.3  Chemical Vapor Deposition       
Chemical vapor deposition (CVD) is a chemical process providing high performance and purity of 
produced materials. Thin films are made by this method usually in semiconductor industry. The CVD 
method is widely used due to easy setup and lower cost. In 1959, the catalytic vapor-phase deposition 
of carbon was done on Fe using carbon monoxide and hydrogen mixtures [54]. In 1993, CNTs were 
produced on Fe particles using acetylene at 700⁰C by this process [55]. The aligned CNTs which 
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were approximately perpendicular to the surface produced on mesoporous silica using iron 
nanoparticles as catalyst by thermal CVD in large scale [56].  
The very long aligned MWCNTs which were approximately perpendicular to the surface on the silica 
substrate fabricated and made an array of tubes with spacing of about 100 nm and height of 
approximately 2 mm [57]. 
The aligned CNT bundles were also produced on thin films of a cobalt catalyst patterned on a silica 
substrate by the CVD method [58]. The MWCNTs can be produced on catalyst patterns embedded on 
silicon substrate by a base growth mechanism using different mask techniques [58].  
CVD is the simple process by which CNTs can be directly grown on a specified substrate. Large scale 
synthesis of CNTs are commercially possible with CVD method because of its lower price per unit 
ratio. 
4.3.1 Types of CVD 
There are so many types of CVDs that are possible. A substrate is deposited with a layer of metal 
nanoparticles as catalytic e.g. Ni, Co, Fe, or a combination of these metals in the thermal CVD or 
PECVD process. The arrays of vertically aligned CNT with invariable length and diameter usually 
have well marked specific properties and are being fabricated on different patterned substrate surfaces 
by thermally or plasma driven chemical vapor deposition (CVD). The thermally or plasma driven 
CVD process require carbon source as hydrocarbon precursor molecules (methane, acetylene, ethane 
etc.) and metal particulate iron, nickel and cobalt as catalysts to grow the arrays of high density on 
different substrates. Broad classification of CCVD is Thermal CVD and Plasma enhanced CVD. 
Further Temperature based CVD is divided into (i) Single step Method (Floating Catalyst CVD) and 
(ii) Double step Method (Water assisted CVD, Alcohol catalytic CVD, Thermal CVD) while the 
Plasma based CVD is categorized as Water assisted plasma CVD, Plasma assisted CVD (Direct 
current PECVD, Radio frequency PECVD, Diffusion PECVD, Microwave PECVD). 
The growth temperature for CVD is about 600-950⁰C which is lower than the temperature in arc-
discharge and laser ablation processes. Further plasma is used to reduce the temperature in CVD 
method compared to the thermal CVD. Plasmas are used to force reactions that would not be possible 
at low temperature. Moreover, CNT array grown by thermal CVD method is curly but the CNT array 
grown by a PECVD method is highly aligned to the vertical direction. Plasmas can be used to 
perform low temperature deposition of materials which are not possible thermally due to their low 
thermal energy. When fast diffusing metals like copper are used, this low temperature deposition 
becomes more important. 
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 The PECVD method is the most promising method in which the carbonization of the precursor gas is 
done by the generation of a DC or RF plasma [60] to produce MWCNTs and SWCNTs, arrays of 
MWCNT [56, 58]  and patterned SWCNT strands [61] on different substrates.  The arrays of CNTs 
were grown on glass by employing plasma at 660⁰C [62]. The temperature can be reduced to 300⁰C 
with the various plasma techniques. Sometimes this method further facilitate the fabrication of CNTs 
at very low temperatures till 150⁰C over large substrate areas [63, 64], which makes it more widely 
acceptable and applicable than the other CCVD synthesis techniques [65–67].  
The experimental set up of PECVD is set of equipment to handle and control the process and also to 
increase the overall efficiency of the process. The main components of PECVD experimental set up 
are rotary pump to reach a pressure of 10
−2
 Torr, turbo molecular pump to get a pressure of 10
−6
 Torr, 
mass flow controller to measure the flow of carbon source, etching or reducing gases, vacuum gauge 
to measure the pressure inside the chamber, heater to get temperatures up to 900⁰C and its controller, 
reaction or vacuum chamber to withstand high temperature and accommodate the cathode chuck on 
which a substrate is set and anode is on top side, plasma power supply to generate the plasma, Plasma 
was formed between anode and cathode by applying a DC or RF voltage  and other fittings for gases 
and water flow and their control. 
 The metal catalytic nanoparticles can be generated by other means also, like oxides solid solutions or 
reduction of oxides. The masked or patterned deposition of the metal, annealing or by etching with 
plasma of a metal layer are used to control the size of the metal catalytic nanoparticles. The 
temperature to heat the substrate with catalytic particles is approximately 700⁰C in a protective 
environment. Two gases are supplied into the chamber, a process gas e.g. ammonia, nitrogen or 
hydrogen and a carbon source gas e.g. acetylene, ethylene, methane or ethanol to grow CNTs on the 
metal catalyst.  
Initially the carbon source gas is broken apart at the surface of the metal catalytic nanoparticles and 
the detached carbon is flown to the edges of the metal catalytic nanoparticles and this carbon forms 
CNTs. It depends on the adhesion between the substrate and the metal catalytic nanoparticles that it 
will remain at the nanotube bases or at the tips of the growing nanotubes in the growth process. The 
diameters of the grown nanotubes are affected by the size of the metal catalytic nanoparticles. 
In CCVD synthesis process the uniform diameter of the carbon nanotubes is affected by the size of 
the catalyst particles. These catalyst particles can be deposited in systematic and even complex 
pattern of arrays to fabricate well aligned CNT bundles, forests or assemblies [56, 58]. The CPECVD 
process can control the alignment, geometry, structure and site of CNTs. The major steps involve 
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usually for the growth of vertical aligned CNTs on patterned metal catalyst by PECVD are basically 
three steps of the VLS mechanism: 
1.) Decomposition of the carbon source gas or precursor on the surface of catalyst particle. 
2.) Diffusion of carbon atoms through the bulk and surface of the catalyst as a solid solution. 
3.) Precipitation of carbon atoms beneath the catalyst or at the metal-substrate interface, 
subsequently growth of CNT. 
4.) Another possible mechanism is that carbon atom diffuse only on the surface of the catalyst 
particle.  
The vapor-liquid-solid mechanism represents the steps for the growth of CNTs by PECVD using 
metal catalyst thin film. Initially catalysts are deposited on the substrate then the substrate is heated to 
a particular temperature and catalyst layer melts and starts to form liquid droplets. These droplets 
forms a eutectic alloy by absorbing the vapor and become supersaturated with the carbon source 
vapor and carbon precipitates and CNTs starts growing. The continuous supply of the vapor is 
responsible for vertical alignment of CNTs. 
 
5.  Features of different methods of Carbon Nanotube Production  
Both arc discharge and laser ablation methods suffer from disadvantages of being expensive and 
uneconomical for production of carbon nanotubes on large scale, although they yield high quality 
CNTs with reasonable high yield. CVD is best suited, economic method of production of high purity 
SWCNT on large scale. Table 2 shows the concise comparison of different methods to grow CNTs.  
5.1 Disadvantages of Arc Discharge and Laser Ablation  
    The Arc Discharge and Laser Ablation both methods generates the high quality nanotubes but having 
some disadvantages which bounds their use in large scale industries for mass production of CNTs. 
1.) The solid carbon or graphite is used as a target which is evaporated and produces nanotubes after 
condensation in both the specified methods. In large scale process it is hard to get such a huge 
graphite as target which restricts their being used as industrial process. 
2.) A huge amount of energy is required to produce arc or laser in Arc-Discharge and Laser ablation 
processes respectively, so these are the energy extensive methods. Such a large amount of energy 
is difficult to provide for large scale production and makes them a costlier process. 
3.) The CNTs generated by both the above methods are highly entangled and having undesirable 
form of carbon and sometimes catalysts also. So post treatment processes are required to purify 
and assemble the produced forms which makes the processes again costlier and difficult. 
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5.2 Advantages of Chemical Processes  
These methods have many advantages as compared to above mentioned processes. 
1) The process is cheap in terms of unit price, because there is no need of expensive and hard to 
produce targets. Huge amount of energy is also not required. 
2) The design of the reactor and reaction process is simple and the reaction is easy to handle or 
control. 
3) Raw materials in bulk are easily available in the gaseous form required for reaction processes. 
4) This process is distinctive in synthesis of VACNTs and no other process are capable to produce 
such aligned nanotubes. 
This process can synthesize CNTs directly on different substrates which makes the process simple 
by eliminating the collection, separation and transfer steps. The post refining processes are not 
always required to some extent. Although some refining or functionalization step are required in 
some cases for further purification and desired applications. 
6. Recent report on the growth of Vertical Aligned CNTs by 
Catalytic CVD method: 
Table 3 summarizes the comprehensive current report of the different process parameters and 
their effects on the growth of Vertical Aligned CNTs by catalytic CVD synthesis method. 
One of the most adopted process steps represents the vapor-liquid-solid mechanism to grow patterned 
VACNTs by PECVD method. Initially catalysts are deposited on the substrate then the substrate is 
heated to a particular temperature and catalyst layer melts and starts to form liquid droplets. These 
droplets forms a eutectic alloy by absorbing the vapor and become supersaturated with the carbon 
source vapor and carbon precipitates and CNTs starts growing. The continuous supply of the vapor is 
responsible for vertical alignment of CNTs. Different steps of photolithography such as cleaning, 
drying, spin coating, soft baking, photomask, exposure, developing and cleaning have to be 
optimized. These optimized parameters are used for patterning the catalyst nanodots on substrate to 
fabricate the arrays of CNTs. Depending on the cohesion between the interlayer of catalyst metal and 
buffer layer or substrate varying thickness of catalyst is deposited and further lift off is done. CNTs 
are grown on the particular sites as formed by patterning. The example of using inkjet printing to 
synthesis the high yield VACNT forests grown at particular sites on the substrate is shown in Figure 
2 with CNTs length of 400 μm. 
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6.1 Catalyst 
 The catalyst is one of the major factors of CNT growth in the CVD process. Melechko et al. has 
summarized some catalysts used for CNT growth [68]. The catalysts like nickel [22, 51, 68–73], 
cobalt [74–78], iron [56, 59, 79–81], stainless steel [82–84], gold [85], platinum [80] and their alloys 
are used successfully and effectively. 
 There are many formation mechanisms proposed for catalytically grown CNTs in the literatures [86–
92], e.g. surface diffusion mechanisms [87], bulk diffusion mechanisms [86, 93], spatial velocity 
hodograph [88] and catalyst surface step edge effects [89]. There is also a two-step growth 
mechanism- the first step is the catalytic growth of a CNT and the second step is thickening step with 
the catalyst free pyrolytic carbon deposition mechanism [94–98]. 
 In the growth of VACNTs by CVD, carbon source such as hydrocarbon (e.g. methane, acetylene, 
ethylene, naphthalene, benzene, etc.) pyrolysizes over metal catalysts (i.e. Pd, Fe, Co, Ni, and Pt) and 
deposited on different substrates. Various pyrolytic CNT growth mechanisms are described in the 
literatures [86, 94, 99–102]. Some of the example of growing patterned VACNTs including one such 
work done at University of Cambridge are demonstrated in Figure 3. The following three 
mechanisms of the pyrolytic CNTs growth have been widely recognized in recent times- 
(1) Bottom carbon diffusion through catalytic particles.  
(2) Surface carbon diffusion on catalytic particles. 
(3) Top carbon diffusion through catalytic particles. 
6.2 Substrates and buffer layers 
A strong solid base is provided by a substrates for growing patterned VACNTs. The morphology of 
the formed VACNTs is decided by the lattice matching. In order to resist the agglomeration the 
substrate should be capable to prevent the mobility of the catalyst particles. Alignment, density and 
diameter are controlled by changing the structural morphology of the substrate. Silicon is not an ideal 
substrate even though silicon wafers are one of the most popular and widely used substrates studied to 
synthesize VACNTs. The surface of a silicon wafer is anodized and made porous to control the 
density and diameter of the catalyst particles as reported by Lee et al. [103]. ACNTs are grown 
successfully on 1D and 2D Si substrates with porous AAO nanotemplates by Li et al. [104, 105]. 
Catalyst support also known as the adhesion layer, buffer layer or underlayer is always used to isolate 
silicon from active catalysts and restore its activity. Buffer layer also increase the surface roughness 
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for better adhesion of catalyst nanoparticles and enhances the dispersion of catalyst nanoparticles on 
the substrate surface [106]. 
The interaction between the plain silicon wafers with Fe as a catalyst in CVD is studied by Jung et al. 
[107]. They found that Fe reacted and formed iron silicide (FeSi2) and iron silicate (Fe2SiO4) with 
silicon at high temperatures. FeSi2 and Fe2SiO4 are non-catalytic to grow the CNTs and a similar 
phenomenon also occurs in case of using Ni and Co. A layer of SiO2 is proved as an ideal catalyst 
support to grow VACNTs due its high surface roughness [108]. This layer isolates the interaction of 
catalyst with silicon substrate. Sometimes SiO2 is used with Al or alumina also. SiO2 is used to lower 
the reaction between Al with Si before alumina is formed but if the aluminium oxide layer is too 
thick, it will bury the catalyst particles and constraint the growth of CNTs. Although the growth of 
VACNTs can be enhanced by increasing the thickness of the Al buffer layer [109] . Al and Alumina 
is used to avoid extensive sintering of Fe particles [110]. The use of Al increased the growth rate and 
morphology of CNTs as found by Liu et al.[111] and lessen the oxidation of catalyst on the catalyst 
surface which helps in restoring the catalytic activity as reported by Vander et al. [106]. An alloy of 
Al and another catalysts can also be made to promote the activity of the catalyst [111]. The adhesion 
layers of Tantalum and Tungsten-Ti bimetals are used to reduce the diffusion of Ni particles into the 
substrate [112]. Titanium nitride is another example [113].  
A quartz tube is directly used as a substrate to grow VACNTs in FCCVD. So the Quartz is another 
substitute of silicon often used as a substrate.  Al2O3 fibre cloth [114], Alumina–mullite mixtures, 
MgO, sapphire [115], and machinable ceramic [111]  are another important substrates for growing 
ACNTs. In the sol-gel method, mesoporous silica thin films are used. The preparation conditions of 
the iron/silica substrate are responsible for a specific diameter and distribution of VACNTs [116, 
117]. Ceramic spherical substrates are proposed for mass production of ACNTs because a flat 
substrate has a low surface area for the growth of CNT arrays [118, 119]. Lamellar Fe/Mo/vermiculite 
is used successfully in fluidized bed-CVD for mass production [120]. 
6.3 Others 
Several literature has shown that the growth of VACNTs depends on parameters such as catalyst film 
thickness, substrate temperature, gas ratio of carbon source gas and reducing gas, pre-treatment using 
plasma and growth time [28, 66, 121–123]. 
Catalyst thickness: The catalyst particle size depends on the initial catalyst layer thickness, the 
underlying surface, the annealing temperature and diameter of the deposited catalyst material. An 
increasing CNT height with increasing catalyst volume is observed. The temperature varies the 
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surface energies, but due to high temperature, larger islands can be formed due to Ostwald ripening 
effect. A higher anneal temperature can also promote the formation of silicides which will affix the 
catalyst and ensure base growth. The varying thickness of post-annealed deposited Ni catalyst films is 
shown in Figure 4.   
Temperature: At higher temperatures the carbon source gas dissociates faster. A higher diffusion 
rate of carbon atoms through the catalytic particle results in considerably longer CNTs. However, as 
the deposition temperature is increased further till 900⁰C, the CNTs become disordered, entangled or 
loses alignment. The nanotube deformation at 900⁰C may be due to ion damage caused by higher 
plasma ionization. The nanotubes grown near by 700⁰C are usually well-aligned and uniform in size. 
The growth rate at 550⁰C is much less may be because of insufficient nucleating nanotubes, 
inadequate to decompose carbon source gas, limiting the graphitization consequently hindering 
growth. The lower deposition temperature is responsible for low growth rate instead of lack of plasma 
density because the thermal growth occurs without any plasma at 700⁰C [124].  
Gas ratio: The gas mixture which control the CNT morphology is optimized to minimize any 
amorphous carbon deposition onto the unpatterned areas with the help of reducing or etching gas. The 
function of reducing or etching gas is to etch the by-products such as amorphous carbon and graphitic 
phases keeping the gas side of the catalyst particle free from carbon and allowing the continuous 
access of gas to the catalyst, so that it remains activated throughout the growth process of CNT. 
Etching is an important aspect of growing well oriented nanotubes with uniform diameters from top 
to bottom. 
 The growth changes dramatically from nanotubes to tip structures for variable quantity of carbon 
precursor gas flow. As higher concentration of feed gas in the plasma compensates for the etching by 
reducing gas, the initial rise in nanotube length is expected. The carbon diffuses through the metal 
particles and precipitates below it at high carbon source gas flows. But the vertical nanotube growth 
cannot be continuing with the amount of carbon extruded through the metal catalyst, at concentrations 
over 50%, so the pyramidal structures, cauliflower-like structure are formed. 
Pressure: Growth rate increases with higher pressure of the process gases due to increased density of 
hydrocarbon gas near the catalytic particle, but higher pressure also causes faster back etching of the 
CNTs. The nanotube length increase with gas pressure, while the gas ratios are kept constant.  
 
Power: The alignment of the CNTs depends on the electric field and the electric field of order of 
0.1~1.0 V/mm is necessary to align the nanotubes. The applied voltage controls the plasma properties 
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(such as the bias current, degree of ionization/excitation) if conditions such as pressure and electrode 
gap are kept constant. 
 CNTs are better aligned at high power, but rate of etching enhances due to strong ion bombardment. 
The growth rate decreases with increasing power because the carbon source gas already decomposes 
in the plasma instead of at the catalyst surface. These free carbon species are not responsible for the 
CNT growth.  
Growth time: CNT length is expected to depend linearly on the growth time. Thus the growth rate is 
maximized by minimizing the particle size, and the particle size controls both nanotube diameter and 
growth rate. 
 
7. Conclusion and Perspective 
      Different techniques and fabrication processes used to grow VACNT arrays have been discussed and 
reviewed. Many processes have been explored to fabricate VACNTs, every process has its own 
limitations. A number of different smart materials and advanced devices are possible to develop via 
various multifunctional patterned VACNTs by controlled CNT growth and their ordered pattern along 
with some chemical and structural modification of the constituent nanotubes. However out of all the 
techniques no one is practically meeting the criteria such as an ease of high speed and bulk 
production, cost effectiveness and keen control of process. As VACNT structures have many 
potential applications when grown by PECVD, so the development in this area is gaining a lot of 
importance even though commercialization of large scale production processes with successful 
applications depend on understanding and controlling of several key parameters. These parameters 
are interdependent and makes the synthesis of VACNTs more complex and challenging. Furthermore 
the preparation of the catalyst which is used to synthesize VACNTs is even more complicated. 
Consideration needs to be given to the combination of the catalyst, catalyst support and substrate. The 
research on the fabrication and applications of VACNTs is ongoing and still there are many mysteries 
and challenges waiting to be answered and discovered, some of which are mentioned for e.g. type of 
materials that are used for the growth of VACNTs, avoiding the undesired radicals which increase the 
contamination by amorphous carbon, in place of CNTs without harming the vertical alignment how 
amorphous carbon only should be etched away. 
Some points which needs keen analysis for more control of the process and better reproducibility of 
the VACNTs are the particular role of ions and dependence of ion energy for the growth of VACNTs 
and the effect of ions to loose the particle adhesion to the surface, the role of atomic hydrogen and the 
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role of preferable hydrogen-carrying diluent (Hydrogen, Ammonia, Argon or Nitrogen), the effect of 
the different types of metal Catalytic nanoparticles, its size, method of deposition, thickness of the 
layer, pretreatment process on the growth rate and the diameter of the CNTs and areal density of the 
VACNT arrays, the possible process parameters to grow specifically SWCNTs or MWCNTs 
patterned arrays by PECVD method with minimum possible defects.  
Future challenges regarding the controlling parameters to grow patterned VAMWCNTs by PECVD 
method are the process parameters responsible for Tip or base growth, steps which determines the 
growth rate of VACNTs, mechanism for vertical or horizontal alignment, the effect of electric field in 
orientation and alignment of growth, in hot-filament, resistive heating, IR lamp etc. which heating 
method is better to heat the substrate, the minimum possible temperature for growth e.g. for glass 
substrates, the maximum appropriate value of dc bias and the effect of it on the CNT structure, 
growth rate and alignment, the effect of pressure along with the effect of other process parameters 
will have to be surely known. 
Thorough analysis and clear understanding of the above mentioned points are beneficial for the future 
development in the respective field.  
 
ABBREVIATIONS  
CNT: Carbon nanotube 
VACNT: Vertically aligned carbon nanotube 
ACNTA:  Aligned carbon nanotube array 
ECNT: Entangled carbon nanotube 
MWCNT: Multi-walled carbon nanotube 
SWCNT: Single-walled carbon nanotube 
HACNT: Horizontally aligned carbon nanotube 
VASWCNT: Vertically aligned single-walled carbon nanotube 
VADWCNT: Vertically aligned double-walled carbon nanotube 
VAMWCNT: Vertically aligned multi-walled carbon nanotube 
CCVD: Catalytic chemical vapor deposition 
PECVD: Plasma-enhanced chemical vapor deposition 
ACCVD: Alcohol catalytic chemical vapor deposition 
WACVD: Water-assisted chemical vapor deposition 
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TCVD: Thermal chemical vapor deposition 
FCCVD: Floating catalyst chemical vapor deposition 
RFPECVD: Radio frequency plasma enhanced chemical vapor deposition 
DCPECVD: Direct current plasma enhanced chemical vapor deposition 
DPECVD: Diffusion plasma enhanced chemical vapor deposition 
AAO: Anodic aluminum oxide 
SS: Stainless-steel 
VLS: Vapor-liquid-solid 
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List of Table: 
Table 1.  Table shows the yearly incidents and corresponding publications in the development of CNTs 
structures, properties and applications. 
Table 2.  Table shows the concise comparison of different methods to grow CNTs (source: Seita [125] 
with data compiled from many sources). 
Table 3. Table comprises the comprehensive summary of the process parameters and their effects on the 
growth of Vertical Aligned CNTs by Catalytic CVD method. 
Year Key events Group Ref. 
1889 Formation of carbon filaments by decomposition of methane Hughes and Chambers [126] 
1890 Formation of carbon filaments on red-hot porcelain Schutzenberger and 
Schutzenberger 
[126] 
1952 
 
First TEM images of hollow graphitic carbon nanofilaments or fibres 
(50 nanometers in diameter) 
Radushkevich and 
Lukyanovich  
[126] 
1960 Friction properties of carbon due to rolling sheets of graphene in Nature. 
Electron Microscope picture clearly shows MWCNT. 
Bollmann and 
Spreadborough 
[127] 
1976 First TEM image of a thin, hollow carbon nanofilament (probably a MWCNT) 
and CVD growth of nanometer-scale carbon fibers and also the discovery of 
carbon nanofibers, including that some were shaped as hollow tubes. 
Oberlin et al. [87] 
1982 The continuous or floating-catalyst process was patented by Japanese 
researcher Morinobu Endo 
Koyama and Endo [128, 
129] 
1991 Discovery of multi-wall carbon nanotubes(by arc discharge, structural 
investigation by HRTEM) 
Iijima et al. [41] 
1992 First theoretical predictions of the electronic properties of SWCNTs or 
Conductivity of carbon nanotubes 
Mintmire et. al., 
Hamada et. al. and 
Saito et. al. 
[130–
132] 
1993 Structural rigidity of carbon nanotubes Overney et. al [133] 
Table 1.  Table shows the yearly incidents and corresponding publications in the 
development of CNTs structures, properties and applications. 
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1993 First reports on the formation of SWCNTs during arc discharge synthesis 
using transition metal catalysts. 
Iijima et al. and 
Bethune et al. 
[43, 
44] 
1995 Nanotubes as field emitters Rinzler et. al. [134] 
1996 Growth of aligned MWCNTs from Fe particles embedded in mesoporous 
silica (50µm long and spacing between the tubes of about 100 nm) 
Li et al. [56] 
1996 Ropes of single-wall nanotubes Thess et. al. [53] 
1997 Optimized fabrication of SWCNTs  by arc discharge (70-90% selectivity) Journet et al.   [45] 
1997 
 
Quantum conductance of carbon nanotubes and First CNT single-electron 
transistors (operating at low temperature) are demonstrated 
Tans et al. and  
Bockrath  et al. 
[135, 
136] 
1997 Hydrogen storage in nanotubes Dillon et al. [137] 
1998 Chemical Vapor Deposition synthesis of aligned nanotube films Ren et al. [62] 
1998 First large-scale synthesis of SWCNTs by CCVD Cheng et al. [138] 
1998 Synthesis of nanotube peapods Smith et al. [139] 
1999 Patterned growth of aligned carbon nanotubes on Silicon wafers Fan et al. [59] 
2000 Thermal conductivity of nanotubes Berber et al. [140] 
2000 Macroscopically aligned nanotubes Vigolo et al. [141] 
2000 First demonstration to show that bending CNTs changes their resistance Tombler et al. [142] 
2001 
 
First report on a technique for separating semiconducting and metallic 
nanotubes and Integration of carbon nanotubes for logic circuits 
Collins et al. [143] 
2001 Intrinsic superconductivity of carbon nanotubes Kociak et al. [144]  
2002 MWCNTs demonstrated to be fastest known oscillators (> 50 GHz)  [145] 
2004 Enhanced growth (super-growth) of SWCNTs in the presence of H2O Hata et al. [146] 
2004 Nature published a photo of an individual 4 cm long single-wall nanotube 
(SWCNT) 
Zheng et al. [147] 
2004 Report on Graphene Novoselov et al. [148] 
2009 Improved selectivity to metallic SWCNT by very careful preconditioning and 
refining of the catalyst 
Harutyunyan et al. [149] 
2009 Nanotubes incorporated in virus battery  [150] 
2009 World’s biggest MWCNT production plant having capacity of 500 tones/year 
is inaugurated 
CNano Technology [151] 
2010 Growth of 20 cm long DWCNTs/TWCNTs Wen et al. [152] 
2012 IBM creates 9nm CNT transistor that outperforms silicon IBM [153] 
2013 Completely CNTs based transistors used in computer named Cedric Shulaker et al. [154] 
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Method / Feature Arc-discharge  Laser Ablation CVD  
Thermal CVD PECVD 
Type of process Physical Physical Chemical 
Need of energy  High High Moderate 
Raw materials finding Difficult Difficult Easily available 
Chamber design Difficult Difficult Designed as large scale process 
Process control Difficult Difficult Easy (automated) 
Operating temperature (⁰C)* ~4000 Room temp to 1000 500-1200   100-800  
Production rate Low Low High 
CNT growth rate/µm s
-1
*
    
Up to 10
7
  ~0.1 0.1-10 0.01-1 
Product cleanliness* Low Low Medium to High Medium 
Post treatments Require  
refining 
Require  
refining 
No need of extensive refining  
Nature of Process  
(continuous or batch) 
Batch type Batch type Continuous type 
CNT length/µm* ~1 ~1 0.1-10
5
 0.1-10 
Yield of process Moderate (70%) High (80%-85%) High (95%-99%) 
Per unit cost High High Low 
(Source: *Data were adapted from [125], M. Seita, MSc thesis, Department of Electrical Engineering, (research 
done at Massachusetts Institute of Technology), (2007). 
 
 
 
 
 
 
 
 
 
 
Table 2.  Table shows the concise comparison of different methods to grow CNTs    
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Catalyst, Catalyst 
support and 
Substrate 
Reaction condition Type of  CNT 
(Dimension) 
Remarks Ref 
Flow rate of gases 
(sccm) 
Temp 
(⁰C) 
Pressure 
(kPa) 
Time 
(min) 
Carbon 
source 
Carrier 
Gas 
Catalyst: Ni 
Catalyst support: 
Substrate: Si 
CH4 H2 700 1.33 5 min VAMWCNT with 
diameter of 10-35 nm 
and thickness ~40 µm. 
Fastest growth rate was 
85 µm/min 
Microwave power 
during CNT 
growth 400 W 
RF power density 
adjusted for better 
CNT density and 
growth rate. 
[155] 
Catalyst: Fe 
Catalyst support: 
SiO2 
Substrate: Si 
C2H2  
(15 
sccm) 
H2  
(60 sccm) 
700 0.16  5-20 
min 
H2 plasma (60 sccm) 
treatment grown 
VAMWCNT with 
diameter of 10-35 nm 
and thickness of 5-20 µm 
Growth rate 1 µm/min 
RF is 13.56 MHz 
with power at 100 
W 
[156] 
Catalyst: Co 
Catalyst support: 
SiO2 
Substrate: Si 
C2H2  
(40 
sccm) 
 
NH3  
(200 
sccm) 
950 - 10 
min 
Bamboo shaped 
VAMWCNT with 
diameter of 80-120 nm 
with thickness 
of 20 µm 
30 min NH3  
flowed and 
Argon during 
raising-lowering 
temperature 
[157] 
Catalyst: Fe 
Catalyst support: 
Al2O3 
Substrate: Si/SiO2 
C2H4 
(15 
sccm) 
He/H2 
(105/15 
sccm) 
750 - 30 
min 
VADWCNT with 
thickness of 7 mm 
Water vapor [158] 
Catalyst: Co/Ti 
Catalyst support: 
Substrate: Si 
CH4 
(50 
sccm) 
H2  
(70 sccm) 
700 0.93 5 min VASWCNT with 
diameter of 1-2 nm and 
thickness of 60-70 µm 
2.45 GHz of 
microwave 
plasma power at 
900 W 
[159] 
Catalyst: Co 
Catalyst support: 
Mo 
Substrate: Quartz 
C2H5OH Ar/H2 
(300/300 
sccm) 
750-
850 
0.3-2.0 10 
min 
VASWCNT with 
thickness of 25 µm 
No flow of 
feedstock gas. It 
introduced after 
reaching desire 
pressure in CCVD 
[160] 
Table 3. Table comprises the comprehensive summary of the process parameters and 
their effects on the growth of Vertical Aligned CNTs by Catalytic CVD method. 
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Catalyst: Fe 
Catalyst support: 
SiO2 
Substrate: Si 
C2H4 Ar/H2 
(300/40 
sccm) 
800 - 120 
min 
VAMWCNT with 
diameter of 12-16 nm 
and thickness of 150 µm 
- [161] 
Catalyst: Fe 
Catalyst support: 
Al 
Substrate: PPF; 
Pyrolyzed 
photoresist film  
C2H4  
(400 
sccm) 
Ar/H2 
(300/200 
sccm) 
750 - 20 
min 
VAMWCNT diameter of 
10-20 nm and thickness 
of 1 mm 
density of VAMWCNT 
bundle is more than 108 
CNT per cm
2
 
Water vapor (50-
100 sccm), 
during heating 
ratio of Ar/H2 
(1200/800 sccm) 
is used 
[162] 
Catalyst: Co, Mo 
Substrate: Si 
C2H5OH 
(4.9, 25, 
140 
sccm) 
Ar/H2  
(20 sccm) 
747, 
847, 
947 
1.3, 4, 12 10 
min 
VASWCNT diameter of 
2-3 nm 
depends on  
C2H5OH pressure 
and temperature 
in the chamber 
affects Catalyst 
efficiency 
[163] 
Catalyst: Fe 
Catalyst support: 
Al2O3 
Substrate: Stainless 
steel 
C2H4  
(50 
sccm) 
Ar/H2 
(125/100 
sccm) 
800 - 20 
min 
VAMWCNT having 
diameter of 10 nm and 
thickness of 400 µm 
Growth rate 20 µm/min 
and without H2O vapor  
the thickness is 50 µm 
Water vapor (0.75 
sccm) 
[164] 
Catalyst: Fe 
Catalyst support: 
Al2O3 
Substrate: Ta 
C2H4  
(50 
sccm) 
Ar/H2 
(125/100 
sccm) 
800 - 5 min VADWCNT having 
mean diameter 7 nm 
Growth rate 160 µm/min 
and thickness 800 µm  
Water vapor (0.75 
sccm) 
[165] 
Catalyst: Ni 
Catalyst support: 
SiO2 
Substrate: Si 
C2H2 NH3 600 0.43 10 
min 
VACNT growth depend 
on the CCVD process 
parameters 
Plasma power at 
10 W, 15 kHz AC  
NH3/C2H2 ratio of 
5:1 
[166] 
Catalyst: Fe 
Catalyst support: 
Al2O3 
Substrate: Si 
C2H2 H2 750 0.187 3-5 
min 
VASWCNT with 
thickness of 50-60 µm 
Water vapor [167] 
Catalyst: FeCl3 
Barrier layer: Al 
Substrate: Stainless 
steel 
C2H2  
(200 
sccm) 
Ar  
(500 
sccm) 
810 0.32 10 
min 
VAMWCNT having 3-8 
nm diameter and 600 µm 
thickness 
Water vapor [168] 
Catalyst: Ni 
Catalyst support: 
Au 
Substrate: Ti 
C2H2 NH3 
 
900 - 10 
min 
VAMWCNT having 
diameter 80-120 nm and 
thickness 10 µm 
- [169
] 
Catalyst: Ni 
Catalyst support: 
SiO2 
Substrate: Si 
C2H2 NH3 
 
750 0.6 5 min Uniformly VAMWCNT 
of diameter 50 nm 
obtained at 100 W 
Combination of 
plasma and 
thermal CCVD 
Plasma power 80 
W 
[170] 
Catalyst: Ni 
Catalyst support: 
Cr 
Substrate: Cu 
C2H2  
(30 
sccm) 
NH3  
(100 
sccm) 
520 1.06 10 
min 
VACNTs of length 
between 1-2 µm and 
diameter in the range of 
80-100 nm have grown. 
The density and location 
of CNTs determined by 
the diameter of spheres 
The power of the 
DC plasma was 
70 W. Ni catalyst 
nanodots diameter 
0.5, 1.0, and 1.8 
µm patterned by 
nanosphere 
lithography. 
[171] 
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Catalyst: Co 
Catalyst support: 
Mo 
Substrate: Quartz 
CH3CN 
mixed 
C2H5OH 
Ar/H2 
(300/300 
sccm) 
800 1.7 3 min VASWCNT with 
diameter of 0.7-2.1 nm 
and thickness of 25-30 
µm 
Ar/H2 pressure 
was 40 kPa 
Feedstock gas of 
40 µL fed after 
reaching growth 
temperature. 
[172] 
Catalyst: Fe 
Catalyst support: 
SiO2 
Substrate: Si 
C2H2  
(50 
sccm) 
NH3 
(100 
sccm) 
750 0.3 30 
min 
VACNT with thickness 
of 5 µm 
 [173] 
Catalyst: Si (100) 
Substrate: Si 
CH4 N2 850 2.67 3-5 
min 
VAMWCNT with 
diameter of 15-50 nm 
Growth rate 50 µm/min 
Array density 1000 
nanotubes/ µm
2
 
Microwave 
plasma power at 
700 W 
N2 at 0.93 kPa 
with 200 W 
plasma power 
during heating. 
[174] 
Catalyst: Co 
Catalyst support: 
Al2O3 
Substrate: stainless 
steel 
C2H5OH 
(100-
130 
sccm) 
Ar/H2 700 3 10 
min 
VASWCNT with 50 µm 
thickness. 
- [69] 
Catalyst: C10H10Fe 
mixed with waste 
chicken fat oil 
Catalyst support: 
SiO2 
Substrate: Si 
Chicken 
fat 
Ar 750 - 60 
min 
VAMWCNT with 
diameter of 18-78 nm 
and thickness of 20-25 
µm 
Purity of 88.2% 
Reaction chamber 
temperature 
470℃ 
Molecules of 
Chicken oil 
decomposed into 
hydrocarbon 
and catalytically 
decomposing on 
the Fe surface. 
[70] 
Catalyst: Fe 
Catalyst support: 
Ni/Ti/Al 
Substrate: Al 
C2H2 
(700 
sccm) 
H2 
(100 
sccm) 
700 - 5-25 
min 
VAMWCNT with 
diameter of 20 nm and 
thickness 5.3 µm at 5 
min to 6.8 µm at 25 min 
Low pressure 
Catalytic CVD 
[71] 
Catalyst: Fe-Gd 
Catalyst support: 
Al2O3 
Substrate: Si/SiO2 
C2H4  
(140 
mmHg) 
Ar:H2  
(560:60 
mmHg) 
780-
820 
-  790 
min 
21.7 mm long 
VAMWCNT array 
grown with 27.47 
µm/min growth rate at 
780 C.  
The growth rate at 780, 
800, and 820⁰C was 
27.22, 40.5, 58.64 
µm/min respectively. 
Water vapor was 
600 ppm.  
The ID/IG peaks 
at bottom, middle 
and top portions 
of the tubes were 
0.765, 0.86 and 
0.90 respectively. 
[72] 
Catalyst: Fe 
Catalyst support: 
Al 
Substrate: Si/SiO2 
C2H4  
(35 
sccm) 
 
Ar:H2  
(200:55 
sccm) 
850 - 120 
min 
The outer and inner 
diameters of 
VAMWCNTs are 23 ± 2 
nm and 7 ± 1 nm 
respectively. The 
average number of 
graphitic layers of the 
nanotube is ~22.  
The density of the 
VACNT is 0.045 g cm
−3
 
The average 
ID/IG ratio from 
the Raman 
spectrum analysis 
is 1.23 with 2.2% 
standard 
deviation. 
[73] 
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Figure 1: Experimental set up to produce CNTs by Laser ablation method. Reproduced with permission 
from [38], M. M. A. Rafique and J. Iqbal, J. Encapsulation Adsorpt. Sci. 1, 29 (2011). Copyright@ 
Scientific Research Publishing. 
Figure 2. (a−d) SEM images of vertically aligned carbon nanotube forests localized at catalyst sites 
deposited by inkjet printing, using (a) 1, (b) 8, (c) 27, (d) 64 drops/site. The 27- and 64-drop sites show 
less uniform growth than those grown with 1 and 8 drops/site, with vacancies within the nanotube forests. 
The forests in (d) show vertically aligned growth concentrated in concentric rings within the deposition 
site. These rings may arise due to the “coffee-ring” effect that produces non uniform distribution of 
catalyst particles within the printed region. (e) Magnified view of nanotube forest sidewall, from a forest 
grown using 64 drops/site of catalyst suspension, showing strong vertical alignment within the forest 
capped by a disordered “tangle” at the forest top. (f) Increased magnification image of forest sidewall, in 
this case from a forest grown using 27 drops/site, showing CNT alignment. (g) Example of a nanotube 
forest grown using catalyst patterned by electron beam lithography for comparative purposes. Reprinted 
with permission from ref. [25], J. D. Beard, J. Stringer, O. R. Ghita, and P. J. Smith, ACS Appl. Mater. 
Interfaces 5, 9785 (2013). Copyright@ American Chemical Society. 
Figure 3.  (A) A series of SEM micrographs from different viewing angles showing growth of carbon 
nanotube obelisks on an array of submicron nickel dots. (a) An inclined view of a repeated array pattern. 
(b) A top (normal) view of a repeated array pattern. (c) An inclined view of one array pattern. (d) A top 
(normal) view of one array pattern. The initial Ni dots (and subsequently the grown carbon structures) are 
spaced either 2 µm apart (left) or 1 µm apart (right). (e) A magnified view along the edge of one pattern. 
A sharp, tapered tip is evident. (f) An inclined view of carbon obelisks grown on nickel dots separated by 
5 µm. Reprinted with permission from ref. [22] F. Ren, Z.P. Huang, D.Z. Wang, J.G. Wen, J.W. Xu, J.H. 
Wang, L.E. Calvet, J. Chen, J.F. Klemic, M.A. Reed, Appl. Phys. Lett. 75, 1086 (1999). Copyright@ 
American Institute of Physics. (B) (a) Bunches of nanotubes (~100 nm in diameter) are deposited on 1 
µm nickel dots because the nickel catalyst film breaks up into multiple nanoparticles. (b) Single 
nanotubes are deposited when the nickel dot size is reduced to 100 nm as only a single nickel nanoparticle 
is formed from the dot. (c) Demonstration of high yield, uniform, and selective growth of nanotubes at 
different densities. Reprinted with permission from ref. [175], B.K. Teo, M. Chhowalla, G.A.I. 
Amaratunga, W.I. Milne, D.G. Hasko, G. Pirio, P. Legagneux, F. Wyczisk, D. Pribat, Appl. Phys. Lett. 
79, 1534 (2001). Copyright@ American Institute of Physics. 
Figure 4: SEM images of Ni films with varying thicknesses deposited using magnetron sputtering on 50 
nm of SiO2 after annealing at 750 ⁰C in 20 Torr of H2 for 15 minutes. Reprinted with permission from 
[124], M. Chhowalla, K. B. K. Teo, C. Ducati, N. L. Rupesinghe, G. a. J. Amaratunga, A. C. Ferrari, D. 
Roy, J. Robertson, and W. I. Milne, J. Appl. Phys. 90, 5308 (2001). Copyright@ American Institute of 
Physics. 
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forests localized at catalyst sites deposited by inkjet printing, using 
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(a) 1, (b) 8, (c) 27, (d) 64 drops/site. The 27- and 64-drop sites show 
less uniform growth than those grown with 1 and 8 drops/site, with 
vacancies within the nanotube forests. The forests in (d) show 
vertically aligned growth concentrated in concentric rings within the 
deposition site. These rings may arise due to the “coffee-ring” effect 
that produces non uniform distribution of catalyst particles within the 
printed region. (e) Magnified view of nanotube forest sidewall, from a 
forest grown using 64 drops/site of catalyst suspension, showing 
strong vertical alignment within the forest capped by a disordered 
“tangle” at the forest top. (f) Increased magnification image of forest 
sidewall, in this case from a forest grown using 27 drops/site, 
showing CNT alignment. Reprinted with permission from ref. [25], J. 
D. Beard, J. Stringer, O. R. Ghita, and P. J. Smith, ACS Appl. Mater. 
Interfaces 5, 9785 (2013). Copyright@ American Chemical Society. 
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Figure 3.  (A) A series of SEM micrographs from different viewing angles showing 
growth of carbon nanotube obelisks on an array of submicron nickel dots. (a) An 
inclined view of a repeated array pattern. (b) A top (normal) view of a repeated 
array pattern. (c) An inclined view of one array pattern. (d) A top (normal) view of 
one array pattern. The initial Ni dots (and subsequently the grown carbon 
structures) are spaced either 2 µm apart (left) or 1 µm apart (right). (e) A magnified 
view along the edge of one pattern. A sharp, tapered tip is evident. (f) An inclined 
view of carbon obelisks grown on nickel dots separated by 5 µm. Reprinted with 
permission from ref.  [22]. F. Ren, Z.P. Huang, D.Z. Wang, J.G. Wen, J.W. Xu, J.H. 
Wang, L.E. Calvet, J. Chen, J.F. Klemic, M.A. Reed, Appl. Phys. Lett. 75, 1086 
(1999). Copyright@ American Institute of Physics. (B) (a) Bunches of nanotubes 
(~100 nm in diameter) are deposited on 1 µm nickel dots because the nickel 
catalyst film breaks up into multiple nanoparticles. (b) Single nanotubes are 
deposited when the nickel dot size is reduced to 100 nm as only a single nickel 
nanoparticle is formed from the dot. (c) Demonstration of high yield, uniform, and 
selective growth of nanotubes at different densities. Reprinted with permission 
from ref. [175]. B.K. Teo, M. Chhowalla, G.A.I. Amaratunga, W.I. Milne, D.G. Hasko, 
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Figure 4: SEM images of Ni films with varying thicknesses deposited 
using magnetron sputtering on 50 nm of SiO2 after annealing at 750 ⁰C 
in 20 Torr of H2 for 15 minutes. Reprinted with permission from ref. 
[124], M. Chhowalla, K. B. K. Teo, C. Ducati, N. L. Rupesinghe, G. a. J. 
Amaratunga, A. C. Ferrari, D. Roy, J. Robertson, and W. I. Milne, J. 
Appl. Phys. 90, 5308 (2001). Copyright@ American Institute of 
Physics. 
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d) 
Graphical Abstract 
 
Synthesis of Patterned Vertically Aligned 
Carbon Nanotubes by PECVD using Different 
Growth Techniques: A Review 
Aparna Gangele, Chandra Shekhar Sharma and Ashok Kumar Pandey 
 
This review article gives a comprehensive analysis of the role of 
different key parameters responsible for the synthesis of the 
different structures and configurations of patterned vertical aligned 
carbon nanotubes, proposed in the last two decades and provides a 
critical analysis of the associated constraints, benefits, 
shortcomings and applications. The various methods of patterning 
and growing patterned VANCTs are also presented.  
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